We characterized the effect of water stress on cell division rates within the meristem of the primary root of maize (Zea mays 1.) seedlings. As usual in growth kinematics, cell number density is found by counting the number of cells per small unit length of the root; growth velocity is the rate of displacement of a cellular particle found at a given distance from the apex; and the cell flux, representing the rate at which cells are moving past a spatial point, is defined as the product of velocity and cell number density. l h e local cell division rate is estimated by summing the derivative of cell density with respect to time, and the derivative of the cell flux with respect to distance. Relatively long (2-h) intervals were required for time-lapse photography to resolve growth velocity within the meristem. Water stress caused meristematic cells to be longer and reduced the rates of cell division, per unit length of tissue and per cell, throughout most of the meristem. Peak cell division rate was 8.2
In recent years molecular biologists have made enormous strides in identifying the genes and gene products that regulate the events of the cell cycle (for review, see Jacobs [1995] ). The link between gene products and rates of cell division in vivo is still unclear, however. Many published attempts to measure cell division rates within meristems are fraught with problems in experimental design and interpretation. Changes in cell division rate have been inferred from severa1 different kinds of observations. Labeled DNA' precursors such as tritiated thymidine have been applied to growing plant tissue. The distribution of label after an incubation period is thought to indicate DNA synthesis and, indirectly, the cell division activity (for texts on plant development, see Lyndon [ 19901; Maksymowych [1990] ). These methods cannot, as historically applied, reveal the local peaks and troughs in cell division rate within a growth zone. During the incubation period tissue growth causes cells to be displaced to new regions, and the label incorporated at the end of the incubation represents the integral of DNA synthesis rates occurring at the locations along the growth trajectory. (For a study of the effects of incubation duration on results of a radioactive labeling experiment in roots, see Silk et al. [1984] .) Time for uptake and interna1 transport of the label also confound the data interpretation. The labeled-thymidine technique, as commonly used, tends to give uniform incorporation patterns within the root meristem. This is at variance with the sharply peaked pattern in cell division rate found with kinematic methods taking growth into account (compare table 2.1 and figure 8.2 in the text by Lyndon [1990] ).
Two other indicators of cell division rate are thought to be cell size and mitotic index. A decrease in cell size with treatment is sometimes interpreted to represent an increase in cell division activity, and an increase in cell size is often used to diagnose the end of the meristem. But change in average cell size can be produced by changes in the relative elemental growth rate, as well as by changes in cell division activity. The difference between the relative elemental growth rate and the specific cell division rate gives the rate of change in average cell length for a moving tissue element (Goodwin and Stepka, 1945; Green, 1976; Silk, 1992) . By similar reasoning, the mitotic index can be maintained constant if growth and cell division rates change in synchrony (Gandar and Chalabi, 1989; Gandar and Rasmussen, 1991) . Only if growth and cell size are determined simultaneously can a change in cell division rate be unambiguously inferred.
It is relatively easy to measure cell division rates in a single cell that can be followed over time. When we consider a meristem with a changing population of dividing cells, however, even the definition of "cell division rate" requires some thought. To emphasize spatial patterns, many authors show the cell division rate as a function of position. The cell division rate occurs in the cohort of cells instantaneously occupying the volume around the position of interest, and so the local cell division rate can be expressed per unit of tissue volume or per cell. It is also Plant Physiol. Vol. 114, 1997 interesting to follow the cell division rates in a cohort of dividing and expanding cells as they are displaced in time and space. For studies of morphogenesis it is important to consider the rates of cell division in different planes. Labeluptake studies give apparent cell division rates that may vary with incubation time. All of these different kinds of cell division rates are useful in plant physiology. For any particular study, it is important to define, in words and symbols, the particular cell division rate under consideration and to indicate units and physiological significance.
Our approach is to use a continuity equation to calculate d, the local cell division rate, that is, the local rate of formation of cells in a file in cells per millimeter per hour (Silk and Erickson, 1979; Gandar, 1980) , and c, the corresponding local specific rate of cell division per cell per hour. The continuity equation results from the principle of conservation of mass and requires data on spatial distributions of growth velocity and cell density within the meristem. The growth displacement rate, D, is given in millimeters per hour, and t, time, is given in hours (Erickson and Sax, 1956a) . Distance, x, is measured from the root cap junction. The cell number density, p, is found by counting the number of cells per small unit length of file. In the one-dimensional analysis, p is the reciproca1 of the local value of average cell length. The cell flux, which represents the rate at which cells are moving past a spatial point, is calculated as pv. For cells dividing only anticlinally, the local division rate, d, in cells per unit length of cell file per hour, can be determined from:
The local rate of change can be found from a comparison of cell densities at the same position in younger and older roots. In the special case when growth (longitudinal relative elemental growth rates) and cell density are steady (independent of time), the cell division rate can be calculated as the cell flux gradient. Once d is calculated, the specific rate of cell division, c, can be evaluated as d / p .
The spatial distribution of d falls naturally out of the continuity equation and provides a quantitative description of meristematic activity that is suitable for a comparison with, for example, local enzyme activity or hormone concentration. Thus, d can provide the phenomenological basis for studies of the physiology of cell division. Knowledge of c gives a fundamental understanding of the role of cell division in producing observed patterns of cell size (Green, 1976) and can be used to compare cell division rates among different tissues.
A number of studies have correctly combined growth and cell size data to infer the spatial distribution of cell division rates (Erickson and Sax, 195613; Goodwin and Avers, 1956; Bertaud et al., 1986; Beemster, 1995; Ben-HajSalah and Tardieu, 1995; Beemster et al., 1996) . The work of Beemster (1995) on the effects of soil impedance, and that of Ben-Haj-Salah and Tardieu (1995) on the effects of temperature in monocot leaves, are the beginning of a quantitative characterization of the effects of environmental variation on rates of cell division (see "Discussion"). Until recently, the primary limitation on calculation of cell division rates in roots has been the paucity of data on growth velocities within the meristem (Silk, 1992) . Here we report measurements of growth velocity and cell density in meristems of well-watered and water-stressed primary roots of maize (Zea mays L.) seedlings, and we calculate local cell division rates in the cortex.
MATERIALS A N D , M E T H O D S Plant Culture
Seeds of maize (Zea mays L.) (FR27 X FRMol7, size 22 RD) were surface-sterilized in 3% H202 for 3 min and then allowed to soak in double-distilled water for 10 min. They were germinated at 28°C in vermiculite well moistened with l O P 4 M CaCl,. Approximately 32 h after planting, seedlings with emergent radicles were transplanted into Plexiglas observation boxes. The boxes contained either vermiculite nearly saturated with 10-4 M CaCl, or vermiculite moistened to only 4% (w / w) of this level, as described by Sharp et al. (1988) . Vermiculite water potential was not determined. Seedlings were positioned against the face of the Plexiglas box and grown at 28°C in a growth chamber in darkness, except for exposure to a safelight during marking and photography. The safelight was constructed from an Nicholas illuminator (Leica) with bulb housing covered with four layers each of green and amber cellulose acetate filters, to provide a cutoff of wavelengths >550 nm.
Growth Measurements
When the primary roots had grown approximately 18 h in the control or stressed conditions, seedlings were selected for growth analysis. The selection criterion was uniformity of the root elongation rate within a treatment. Thus, comparisons between stressed and nonstressed roots . were based on a temporal control rather than a length control. Roots were marked for growth analysis as described in previous publications (Silk et al., 1984; Sharp et al., 1988) , with modifications to permit good spatial resolution of growth within the meristem. The Plexiglas face was briefly removed, and the selected roots were gently marked with a 0.13-mm technical pen (Rapidograph Koh-I-Noor, Hamburg, Germany) at approximately 0.2-mm increments within the apical 8 mm. Water-soluble ink was chosen to prevent alteration of the growth rate.
For the high-resolution, time-lapse photographic growth analysis, a millimeter scale was attached to the inside face of the box adjacent to the marked root, and the growth of the root apex was observed through a stereomicroscope (model SZ-Tr, Olympus) over at least an 8-h period. Relatively long (2 h) observation intervals over 8 to 12 h were required to resolve growth patterns within the meristem. Shorter time intervals of 15 min were chosen to resolve the growth velocities basal to 4 mm (Erickson and Silk, 1980) . A series of 8 to 16 photographs (most at 2-h intervals and a series at 15-min intervals) of the growing root were taken with Technical Pan film (Kodak) using a photomicrographic camera (PM-10-A, Olympus). The change in root length during the observation period was recorded, and growth records were analyzed only for those roots that maintained within 10% of the mean elongation rate for the treatment (2.2-2.6 mm h-' for the well-watered roots and 0.8-1.15 mm h-' for the water-stressed roots). The average length for control roots at harvest was 66 mm and the average length for stressed roots was 45 mm.
Anatomical Techniques
Immediately after growth analysis, roots were fixed for anatomical characterization to obtain cell sizes within the meristem. Preliminary trials with conventionally fixed and dehydrated sections embedded in Historesin (Leica) gave excellent optical resolution but unacceptably high shrinkage (11-15%). Therefore, we resorted to Vibratome sections of freshly fixed tissue. With care in mounting, shrinkage was reduced to 1 to 5%. Each root was removed from the vermiculite and washed, and its overall length was measured. The apical 8 mm was excised, photographed, and immediately fixed in a via1 with 2.5% glutaraldehyde plus 2% paraformaldehyde in 50 mM Pipes buffer with 5 mM EGTA and 5 mM MgSO,. The vials were then placed under a vacuum for 15 min to remove the air within the tissue. The fixation was at room temperature for 2 to 3 h or at 4°C overnight. The tissue was then rinsed for 10 min with a 1:l buffer:distilled water solution, and the rinse was repeated three times. Longitudinal transections were obtained using the Vibratome 1000 sectioning system (TPI, St. Louis, MO). The root sections were stained in 0.01% Calcafluor white for approximately 1 min and then rinsed in distilled water.
The stained sections were viewed with a microscope (Dialux 20, Leitz) equipped with epifluorescence, a UV filter, and a camera (Vario Orthomat, Leitz). The root sections were screened for the median longitudinal sections (assumed to have the apparently longest root cap), and these longisections were photographed with TRI-X Pan 400 film (Kodak) at 4X, lOx, and 25X magnification. The length of the root section from the 4~ magnification was compared with the fresh section length for shrinkage calculation. A montage of each root was assembled from the photographic prints. The length of the root cap was measured so that velocity data could be translated to use the root cap junction (apex of the root proper) as the reference origin or "root tip." Five apparently homogeneous, cortical files were selected for each root, and lines were drawn on the montage corresponding to real increments of 200 pm.
To calculate cell density, the length of a contiguous set of cells (with apical and basal walls within the 200-pm increment) was measured, and cell density was computed as the number of cells divided by the length of the cell set. Local cell length was calculated as the average cell length for the same set of cells. (Basal to 3 mm, if fewer than three cells lay within the 200-pm increment, cell density was determined over 400 pm. Thus, partially overlapping segments were used for part of the "elongation-only" zone.) The number of cells counted for a density measurement ranged from about 18 (near the apex) to 2 (in the elongation-only zone). Cell density and cell length were ascribed to the midpoint of the segment. Total magnification on the prints was 355x for the measured cell densities in the 0.8 mm closest to the root apex, and 1 4 0 X for cell densities 0.8 to 7.4 mm from the root apex. The cell densities of the cortical cell files were averaged within and among roots. Anatomical records were obtained for six control roots and five waterstressed roots.
Numerical Methods
For analysis of spatial growth patterns, the negatives of each set of time-lapse photographs were projected through an enlarger equipped with a 50-mm lens, onto a digitizing tablet (DT3613-PC, Seiko Instruments, San Jose, CA). The magnification of the negatives was at least 27.5X. The absolute error of our measurements was less than 0.1 mm. Computer-assisted digitizing with EASYDIJ version 8.3 software (GEOCOMP, Ltd., Golden, CO) gave positions of marks on negatives, and the length of the root cap (obtained from the anatomical record) was subtracted from each value of particle position. Distance from the apex for individual marks was plotted against time to provide a set of, growth trajectories for each root. Growth curve records were obtained for nine control roots and nine waterstressed roots.
The main idea behind the estimation and construction of the confidence bands for the velocity function are given below. The main ingredients are (a) to model the velocity function by splines, (b) to introduce a multiplicative plant effect, (c) to estimate the plant effects and the spline coefficients by the least squares method, and (d) to construct a confidence band for the velocity using an analog of Scheffe's method (Rao, 1972) of simultaneous confidente intervals.
We chose cubic splines to model the velocity function because splines allow flexible modeling of functions. Splines do not suffer from some of the problems that are associated with polynomial approximation, and they have become widely used in approximation theory. A cubic spline consists of piecewise cubic polynomials between consecutive "knots," with the property that these polynomia1 pieces are joined smoothly at the knots. Two important advantages of our method over other methods that have been used in plant growth analysis are (a) data need not be equally spaced in the abcissa, and (b) we capture (with the confidence interval and multiplicative p factors) the variability among plants. The spline methods previously used in growth analysis had a large number of knots to fit a relatively small number of calculated velocities. Our method uses a small number of knots and fits the displacements for all of the plants within a treatment, thereby avoiding fitting noise to the data. In our analysis of the present data sets, we have found a single knot to be adequate. However, we can add more knots, if needed, to model more complicated velocity functions.
The model for velocity is assumed to be governed by a differential equation of the form X ' ( t ) = v(X[t] ), where X(t) is the position at time t, X' is the derivative of the particle position with respect to time t, and v ia the unknown velocity function to be estimated. Our assumption of a steady-state form of the growth equation is justified by our preliminary statistical analysis. When we fitted nonlinear regression of AX(t) on t and X(t), we found that the coefficients corresponding to the terms involving t were not significantly different from O. Thus, over the 12-h observation period, the velocity field was steady. If X(f,), X(t,), etc., are the positions at times t,, t,, etc., then
where
)/2, assuming of course that X(ti) is close to X(ti-,). For notational simplicity, we will drop the subscript i from ti and write Equation 2 as
For the ith plant, we observe positions of the jth mark various times starting at position Yij(0). The observed positions Yij(f) s have measurement errors in them and we can write (4) where Eij(t) s are errors that we assume to be independent with zero mean and variance 2. We assume that the yelocity function for the ith plant is given by
where v is the common velocity function for a11 the plants and pi is the multiplicative plant effect, and we assume that pi s average to 1.
An analog of Equation 3 up to the first approximation is (6)
We fit Equation 6 by linear regression, using cubic splines to model the velocity function (see Powell, 1981) as (7) where x* is some point in the range of x s, and the subscripted + denotes that the term in parentheses is evaluated only when positive. In this paper we take x* (the knot) to be the median of the observed positions. Since v(0) = O and v'(0) = O, we have dropped the constant and the x term from the spline. Estimates of O's and p's are obtained by using the method of least squares. Using an argument analogous to the one used in obtaining Scheffe's method of simultaneous confidence intervals (see Rao, 1972) , we can obtain simultaneous 99% confidence intervals for all linear combinations of O,, 03, and O4 and thereby obtain a confidence band for the velocity function. Computer programs for calculation of the splines and confidence intervals for the velocity field may be obtained from P. Burman.
Growth trajectories characteristic of a treatment were calculated by numerical integration of the average velocity field following a particle as described by Silk et al. (1984) . Cell fluxes (cells per hour) were calculated by multiplying the growth velocity by the cell density value at the same location.
As described above, preliminary data analysis confirmed that growth patterns were approximately steady, a v l a t = O. Previous work in this laboratory has demonstrated that mature cell length is invariant with position at
this developmental stage (see "Discussion"). Since the growth patterns were steady, and final cell length was steady in other roots grown under similar conditions, we ignored the time-dependent term and calculated cell production rates from:
The cell fluxes were differentiated using Erickson's fivepoint differentiating formula (Erickson, 1976) and applied to the cell flux values at equally spaced positions 0.2 mm apart.
RESULTS

Crowth Analysis
The two-point velocity determinations for any individual root showed much scatter (Fig. l) , yet because of the large number of data inherent in the set of growth trajectories, the 99% confidence bands for growth velocity for the two treatments are relatively narrow (Fig. 2) . Growth velocity in the apical2 mm of the root was not perceptibly inhibited by the low-water-potential treatment (Fig. 2) . This confirms the discovery by Sharp et al. (1988) note that the velocity values of the control roots in this study are comparable to the smoothed values obtained by Erickson and Sax (1956b) , but the roots grew more slowly than those of Sharp et al. (1988) and Fraser et al. (1990) . The cells accelerate through the growth zone, and for many applications it is interesting to know the time course of the cell division rate. To convert spatial into temporal information, we obtained average growth trajectories or plots of root particle position versus time (Silk et al., 1984) . This may be regarded as a generalization of the photographic records. Average growth trajectories are shown for marks (representing cell walls) initially at 0.4, 0.6, 0.8, and 2 mm from the tip (Fig. 3) . In both individual records and the average growth trajectories, control and stress treatments show little displacement from the 0.4-mm position during the 12-h observation period. This is consistent with reports of the quiescent zone in maize (Kerk and Feldman, 1995) . However, during the longer period comprising treatment plus observation in stressed roots a mark located initially at 0.4 mm would be displaced to 5.9 mm. Thus, particles located apical to the 5.9-mm location (at the end of the observation period) have probably experienced cell divisions as well as cell elongation under water stress. The particles located at positions basal to 5.9 mm were dividing before water stress was imposed. Thus, tissue basal to 5.9 mm does not represent the "stressed" treatment. For roots of both treatments, a mark initially at 0.8 mm (the location of rapid cell division) would move 0.2 mm in 3.5 h and after another 8.5 h of growth would be displaced beyond the meristem to 2.6 mm from the root tip. The effects of water stress on growth velocity became visible beyond 2 mm from the tip. After 7 h a mark initially at 2 mm was displaced to 6.2 mm from the tip under water stress, compared with 7.7 mm from the tip under well-watered conditions.
Cell Densities and Cell Lengths
Cell densities are lower throughout the meristem under water stress (Fig. 4a) . The maximum cell density of 101 cells mm-' occurs at 1.2 mm from the tips in controls, and maximum cell density of 88 cells mm-' is found at 0.8 mm in the stressed roots. Average minimum cell lengths are thus 11.3 pm in stressed meristems and 10 pm in control meristems. In agreement with Fraser et al. (1990) , we find that the cells of the water-stressed roots are longer than the cells of the control roots by 50 to 70% in the region 1.4 to 2.6 mm from the tip (Fig. 4b) . From earlier studies we know that the final cell lengths are smaller under water stress (Fraser et al., 1990) , presumably because of the more apical cessation of elongation under water stress (Sharp et al., 1988) .
Cell Flux
The product pu represents the flux of cells past given positions along the root axis. Cell flux in stressed roots was smaller than in the controls for a11 regions basal to x = 1 mm (Fig. 5) . In both treatments the cell flux increased steadily in the 1.2 mm closest to the root apex until reaching a plateau. Maximum cell flux is about 8.3 cells h-' under water stress compared with 12.5 cells h-l for the controls. A cell flux of 12.7 cells h-' was also found in the mature part of the cortical cell files, 3.0 to 4.5 cm from the root tip, in the control roots. These average cell flux values represent the efflux of cortical cells from the meristem. In temporal terms adding a cortical cell to a file takes 4.7 min in well-watered roots of this study, compared with 7.2 min in roots experiencing water stress. The cell flux oscillates with position beyond 1.8 mm. The spatial scale of the oscillation is on the order of 1 mm. This could be due to temporal oscillations in cell division rate, to small temporal oscillations in the size of the meristem, or to measurement error. These oscillations become amplified when the cell flux is differentiated to obtain the cell division rates (see below), and they make it difficult to identify the end of the meristem, i.e. the location where cell division ceases.
Cell Division Rates
The maximum cell division rate, calculated from Equation 1 with data on cell flux as a function of position, was 8.2 cells mm-' h-' at 0.8 mm from the root tip for the stressed roots, compared with 12.9 cells mm-' h-l for the control roots at 1.0 mm from the tip. Under water stress roots had lower cell division rates throughout the meristem, with greater differences toward the basal end of the meristem (Fig. 6A) . For cortical cells, division ends somewhere between 2.0 and 2.4 mm in the control roots and in the neighborhood of 1.8 mm in the roots under water stress. The local cell division rate per cell (Fig. 6B ) is calculated by dividing the cell division rate by the cell density at the same distance from the tip. This specific cell division rate is similar for the two treatments at 0.6 mm. Beyond this region water stress lowers the specific cell division rates throughout the meristem. Under water stress the maximum specific cell division rate is 0.10 h-' at 0.8 mm from the tip. In contrast, for the control roots the maximum specific cell division rate is 0.14 h-l at 1.0 mm from the tip.
This specific cell division rate should be numerically close to the "relative elemental rate of cell formation" described by Erickson and Sax (1956b) , and indeed the maximum values in our control roots are close to the values of 0.16 h-l at 1.25 mm calculated by Erickson and Sax for maize roots growing at the same rate as those of our study.
The temporal pattern of the cell division rate of a specific tissue element as it is displaced away from the root apex can be inferred from the spatial distribution of cell division combined with the growth trajectory. The time course of the specific cell division rates for a tissue element initially at 0.6 mm suggests that a cell moving through a stressed meristem would cease cell division at an earlier time (Fig. 6C) . The maximum cell division rate (per millimeter or per cell) is certainly attained sooner under water stress. Water stress decreases these rates, particularly in basal regions of the meristem. Specific cell division rates are shown as functions of position (6) and functions of time (C).
synchronized processes. Water stress produces no significant difference in the growth velocity of the apical2.0 mm of the maize root (Fig. 2) , whereas the cell division rate is reduced throughout most of this region (Fig. 6 ). Water stress causes greater decreases in cell division rates toward the basal end of the meristem. Similar relative elemental growth rates with smaller specific cell division rates produce longer cells in the meristem under water stress (Fig. 4b) . Note that these results do not support the idea that an abrupt increase in cell length signals the end of cell division. Particularly in the stressed roots, cells divide over the 1.4-to 1.6-mm region, where cells are relatively long (about 20 pm) and are increasing in length (compare Figs. 4 and 6 ). This study adds to the quantitative understanding we are beginning to have of the effects of environmental variation on patterns of cell division rate and cell size. BenHaj-Salah and Tardieu (1995) showed that temperature, unlike the water-stress effects reported here, affects the rate of cell division without changing cell size patterns. Growth and cell division are synchronized so that the cell size profile is unchanged by temperature perturbations during maize leaf development. A similar conclusion regarding effects of temperature on synchrony of growth and cell division in maize roots was reached by Silk (1992) on the basis of the invariance of cell size with incubation temperature. In contrast, Beemster (1995) and Beemster et al. (1996) have shown that when mechanical impedance is experienced by wheat roots the cell division rate increases in later-formed leaves, causing shorter cells. The effect of water stress on dicot leaves is similar in some ways to the pattern we have found in the maize root: pea leaves under water stress have decreased rates of cell division early in cell development, and a decrease in cell expansion only in later phases of expansion (Lecoeur et al., 1995) .
The longer cells in water-stressed roots will promote any symplasmic translocation processes that depend on diffusion from phloem to meristematic cells (Bret-Harte and Silk, 1994) . For example, Voetberg and Sharp (1991) have shown the importance of Pro deposition in osmotic adjustment of the apical few millimeters of maize roots. Our results show that the passive, diffusive transport of Pro to meristematic cells will certainly be favored under water stress, since the stressed roots have longer cells and consequently smaller numbers of plasmodesmata to be traversed. Active transport, of course, may also be involved.
Methodological and Computational Limitation
Our use of time controls rather than length controls means that the results shown here include effects of water stress on developmental stage as well as on cell division rate per se. Preliminary evidence indicates that growth velocity is approximately steady (unchanging in time) at this developmental stage in both control and stress treatments (see "Numerical Methods," p.521). In an earlier study on maize primary roots, Fraser et al. (1990) found steady cell size distributions in control roots. Taken together, these two criteria strongly suggest that the cell division rate is steady in controls. Preliminary evidence based on the data of Fraser (1990) suggests that water-stressed roots growing at rates similar to those in the present study also have final cell lengths that do not change in time (Fig. 7) . A two-way analysis of variance was performed to consider the effects of position ("time") and plant on mature cell length in stressed roots that were 60 mm long. The mean cell length (12 cells for each root at both positions) was found to be 165 pm at both the 7-and 12-mm positions (see Fig. 7 for confidence intervals). In these water-stressed roots 7 mm was just beyond the growth zone, and 5 h were required for displacement from 7 to 12 mm. We estimate that approximately 8 h were required for displacement from the basal end of the meristem to the 7-mm location. Thus, cells found at 7 mm were leaving the meristem when the root was 52 mm long, and the cells found at 12 mm were leaving the meristem 5 h earlier, when the root was 47 mm long. The analysis of variance shows that the water-stressed roots in this earlier study had a steady pattern of final cell length. Combined with the demonstration of steady growth velocity, then, the analysis of variance supports but does not prove our assumption of steady cell length patterns within the meristem. The definitive test of steady cell division rate would be to perform the calculations at two different developmental stages, and this was not done. A careful study of cell length and cell division rates at different developmental stages is Plant Physiol. Vol. . Two-way analysis of variance for final cell length in roots affected by water stress and growing at rates similar to those in the present study (data of Fraser, 1990) . The effects of position ("time") and plant were considered. Horizontal lines represent the mean and 95% confidence bands for the effects. The effect of position (time) was not significant, although there was significant variation among plants. The interaction effect between position and plant was also nonsignificant.
warranted. The value of the local (temporal) derivative could then be more accurately taken into account. Most marks apical to 0.4 mm disappeared before any measurable displacement could be detected. Perhaps mucilage from the root cap, combined with shearing friction during growth, caused the marks to be rubbed off. Although the spline fit returned values for a continuous velocity field with zero velocity at the root tip, because of the paucity of growth measurements in the apex we restricted our discussion of growth trajectories and cell division rates to the locations basal to 0.4 mm. We note that during the observation period very little displacement could have occurred from locations apical to 0.4 mm.
As noted in the discussion of cell flux, the effects of measurement error and naturally occurring variation in cell length become amplified with distance, due to the increasing growth velocity. Numerical differentiation, required to calculate cell division rates from the cell flux, also amplifies noise in the data set. The single-knot cubic spline, although flexible, forced the velocity function to be smooth. Since the spline fits for the velocity field introduced more smoothing than the averaged but not smoothed values used for the cell length profile, it is difficult with our methods to identify the end of the meristem or to understand the apparently negative values of the cell division rate around d = O.
Estimates for the Cell Cycle Time
If we assume that a11 cells at a particular distance from the tip are dividing at similar rates, then the reciproca1 of the relative cell division rate provides an estimate of the average local duration of the cell cycle (Beemster et al., 1996) . The validity of this assumption is questionable in the basal part of the meristem (Bertaud and Gandar, 1986) , but the assumption is probably approximately true in the 0%" region. If a11 of the cells are dividing, the cell cycle duration of the cortical cells is 11.2 h at 0.6 mm from the tip and 7.4 h at 1.0 mm from the tip in control roots. Water stress increases the cell cycle duration to 11.3 h at 0.6 mm and 10.3 h at 1.0 mm from the tip. Our values for cell cycle time in the controls are consistent with those found by Bertaud and Gandar (1986) in their simulation of meristem activity in maize roots. The minimum cell cycle in maize root meristems is longer than that of fission yeast (3 h in defined medium at 29"C, as reported by Novak and Tyson [1995] ) and is similar to that calculable for Phleum pratense root cells (data of Goodwin and Avers, 1956 ). However, the minimum cell cycle time for cortical cells of maize roots is considerably shorter than the time of approximately 1 d reported for leaves of wheat (Beemster et al., 1996) and maize (calculable from data of Ben-Haj-Salah and Tardieu [1995] ). The demonstrated differences in duration of the cell cycle, within the meristem in the grass roots and among species, are worthy of the attention of those studying the molecular basis of the regulation of cell division.
Our estimates of cell cycle time must be regarded as preliminary in nature. A more sophisticated analysis, including material ("referential" or cell particle-specific) aspects of cell division, is required to identify the limits on the possible cell cycle times (Bertaud et al., 1986) . Bertaud and Gandar (1986) found that as maize root cells stop dividing toward the base of the meristem, l / c increases, whereas cell cycle times continue to decrease for those individual cells that are continuing to divide.
We emphasize that coinparisons to the cell cycle times based on "fraction-labeled mitoses" in the older literature (Clowes, 1961) are not meaningful. The labeled mitosis estimates were based on examination of labeled mitoses at fixed locations, but our analysis shows that during a cell cycle the stressed cell located at 1 mm during mitosis will be displaced past the boundary of the meristem before a subsequent mitosis could occur.
lmplications for Physiology of Cell Division
The cell division rates reported here are the kinematic basis for exploration of the regulatory role of gene products thought to control cell division. Evidence is accumulating for the regulatory importance of cyclins, the proteins thought to activate the maturation-promoting factor to induce mitosis, and of p34, the protein encoded by the gene cdc2 and thought to be the catalytic subunit of the maturation-promoting factor. In radish roots, in situ hybridization of root tissue with cdc2 antisense probes showed that the spatial pattern of accumulation of this transcript parallels the spatial pattern of mitotic activity (Martinez et al., 1992) . In contrast, in transgenic Arabidopsis plants evidence has been found that cdc2 expression is correlated with the competence to divide, but root growth does not seem to be limited by the abundance of the p34 catalytic subunit of the maturation-promoting factor. Instead, there is evidence for the promotive effect of a cyclin, cyclAt, that seems to promote growth and cell division synchronously (Doerner et al., 1996) . In maize roots good evidence has been found for the involvement of ascorbic acid in the regulation of cell division activity (Kerk and Feldman, 1995) . Ascorbic acid oxidase activity is high in the quiescent center and rare in the meristem above the quiescent center; ascorbic acid is abun-dant in the dividing cells b u t absent in the quiescent center. Ascorbic acid is known to be required for the transition from G1 to D N A synthesis i n the cell cycle; Kerk a n d Feldman (1995) postulate that the high ascorbic acid oxidase activity i n the quiescent center is responsible for the low rate of cell division there. From the point of view of this study, it would b e interesting to compare the ascorbic acid levels i n meristems of stressed and control roots.
To gain insight' into the physiological importance of the various regulatory compounds, the spatial patterns of enzyme activity a n d m R N A abundance should b e compared to the cell division rates shown here. Mapping of the activity of gene products should be extended to the entire meristem. This is because the gene products responsible for the stimulation of cell division activity basal (proximal) to the quiescent center may differ from the compounds that cause the cessation of cell division activity at the base of the meristem. Moreover, different environmental factors m a y act on different gene products.
The possibilities for interactions among promoting a n d inhibiting substances have been well demonstrated by mathematical models developed by Novak a n d Tyson (1995) . These models are in the temporal domain. O u r analysis suggests that the temporal models could profitably b e extended to describe a population of cells during displacement through the meristem to increase understanding of the regulation of cell division rate in higher plants.
